Barium stars are thought to result from binary evolution in systems wide enough to allow the more massive component to reach the asymptotic giant branch and eventually become a CO white dwarf. While Ba stars were initially known only among giant or subgiant stars, some were subsequently discovered also on the main sequence (and known as dwarf Ba stars).
Introduction
Barium stars are not evolved enough to synthesize in their interiors and dredge up to their surface the s-process elements (including Ba) that are very abundant in their atmospheres. On the other hand, we have convincing statistical indications that they all belong to SB1-type binary systems [1] [2] , and UV observations have revealed the white dwarf nature of the companion of some of them [3] [4] [5] . This leads to the following scenario -that has become common wisdom -to explain their overabundance of sprocess elements: the initially more massive component evolved into an asymptotic giant branch (AGB) star, synthesized and dredged up carbon and s-process elements, expelled its envelope, part of which was accreted by the "innocent bystander", namely the initially secondary component, and the latter thereby became the Ba star we observe today while the other component cooled to a white dwarf. The mass ratio underwent a reversal in the process. The mass transfer may occur through wind, (wind) Roche lobe overthrow or common 1 arXiv:2001.11319v1 [astro-ph.SR] 30 Jan 2020 envelope evolution [6] ; the details are still debated, but the net result is a long orbital period (a few hundred days to several decades) and a small eccentricity [2] [7] .
Interestingly, Ba stars were known initially only among G-and K-type giants (they were dubbed Ba giants when belonging to Population I, and CH giants when belonging to Population II) [8] [9] and subgiants (dubbed CH subgiants) [10] , though some of the latter are actually dwarfs [11] . The existence of main sequence Ba stars was fully recognized only in the early 1990's [12] [13] [14] [15] [16] [17] [18] , among F-and G-type stars. The question then arose as to whether giant Ba stars might be the descendants of Ba dwarfs.
Even though the latter appear on average less massive than the former [7] , this is the result of a selection bias (dwarf Ba stars are difficult to detect among the more massive main-sequence A and late-B stars). From a dynamical viewpoint, the two families appear similar, as revealed by their almost perfect overlap * in the eccentricity -period diagram ( Fig. 1 ).
Ba dwarfs and subgiants are interesting because their mass determination is easier than for Ba giants.
Therefore if a relative astrometric orbit is accessible in addition to the spectroscopic one, the mass of the companion can be determined. If only the spectroscopic orbit is known, but for a large enough sample of Ba systems, a statistical estimate of the companion mass can be obtained assuming random orbit orientations. This was done by e.g. North et al. [18] and by Escorza et al. [7] , and resulted in a companion mass close to 0.6 M , as expected for a white dwarf. The first sample consisted of 14 orbits, while the second sample included 27 orbits.
In this work, we present the orbital parameters of three more Ba stars, namely HD 202400, HD 222349, and HD 224621. The elemental abundances of the first two were determined by North et al. [16] [17] and by Luck & Bond [19] for the third. All three can be considered as belonging to the main sequence, even though HD 224621 had been classified as a "CH subgiant", because their surface gravities determined through high-resolution spectroscopy are log g > 3.7.
Sample and observations
The stars HD 202400 and HD 222349 had been classified as F2 Ba 1 and G2 Ba 1 respectively by Lü et al. [20] and were studied with high-dispersion spectroscopy by North et al. [16] . HD 224621 was first classified as a subgiant CH star by Bond [10] , then studied with high-dispersion spectroscopy by Luck & Bond [19] . Table 1 lists the stellar parameters adopted by these authors and shows that they indeed belong to the main sequence. The magnitudes, colour indices and Gaia DR2 parallaxes are also listed. The spectral classification and photometry were taken from the Simbad database. All three stars populate the southern sky, with declinations δ < −36 • . The masses listed in Table 1 were derived as in ref. [7] . * The three dwarf Ba stars with P > 2000 d seemingly falling in the "low-eccentricity gap" (P > 1000 d, e ≤ 0.05) of the eccentricity -period diagram ( Fig. 1 ) have error bars on the eccentricity compatible with them lying just at the boundary of the gap. [26] ) in the medium resolution (MR) mode, providing resolving powers R = 43 000 and R = 40 000 for the blue and red arms respectively. The basic data products [27] were reduced with the MIDAS pipeline developed by Kniazev et al. [28] which is based on the ECHELLE [29] and FEROS [30] packages. Heliocentric corrections were applied to the data using VELSET of the RVSAO package [31] . While the Coravel radial velocities are obtained at the hardware level by a physical crosscorrelation between the observed spectrum and a mask based on the spectrum of Arcturus, the HRS velocities are obtained a posteriori by a digital cross-correlation between the observed spectrum and F0 or G2 masks [7] .
These two stars were also observed once each with the Coralie spectrograph attached to the Swiss 1. Table 2 .
Results
The search for the most probable orbital period and the determination of the orbital parameters were made using the DACE software, that is publicly available (https://dace.unige.ch) and is optimized for the search of exoplanets but also appropriate for the analysis of binary stars. The analysis is made in three steps: the first consists in a periodogram, on which the user can select the most probable period; the second is a first keplerian fit of the orbital parameters, following the method described by Delisle et al. [32] ; the third and final step consists in a Monte-Carlo Markov Chain (MCMC) that determines final values and realistic errors for the orbital parameters, as described by Daz et al. [33] , [34] . The MCMC even allows us to adjust possible RV zero-point offsets between different instruments. We have determined the orbital parameters both using this possibility and under the assumption of negligible offsets; in general the former option remains unsatisfactory in that it artificially lowers the reduced chi-square, so we rather adopted the latter option. The resulting orbital parameters are displayed in Table 3 . The RV curves are shown in Figs. 2, 3, and 4. 
Discussion
Adding these three new orbits to the 27 published by Escorza et al. [7] , the number of orbits for systems hosting dwarf or subgiant Ba stars now amounts to 30. However, one of the systems studied by Escorza et al. is an SB2 system (HD 114520) and could actually be a triple system, if one accepts the prevailing paradigm about the formation of Ba stars as a given; the WD would then follow a much wider orbit, the period of which remains to be determined. Another system, HD 48565, is clearly triple but, as it is an SB1, it is not possible to know whether the WD belongs to the inner or to the outer system. Thus we are left with 28 binary systems whose statistical properties may be investigated.
In Fig. 1 , we presented the sample e − P diagram which revealed an almost perfect coincidence between the locations of the two samples, suggesting that giant Ba stars (and their cooler analogues -the extrinsic S stars) are indeed the descendants of the dwarf Ba stars. Using the BINSTAR evolution code [35] , this hypothesis will be further evaluated in a paper in preparation (Escorza et al. 2020 ).
In Fig. 5 It seems appropriate here to dig a bit deeper into the question as to why no dwarf Ba star is known with a mass larger than about 1.6 M . A selection bias undoubtedly does occur, due to the fast rotation of most intermediate-mass stars on the main sequence, that broadens the spectral lines and thus makes abundance determinations difficult. However, some A-type stars are slow rotators, therefore some of them could in principle be detected as Ba stars. Indeed Ba has been found overabundant in several of these (e.g., by Lemke [36] , and Takeda et al. [37] ), but many of them are classified as Am stars (see, e.g., Fig. 1 of Ç ay et al. [38] for the elemental abundances in two typical Am stars), and most Am stars are short-period binary systems, with a period distribution that is not compatible with that of Ba stars. Ba is overabundant in many chemically-peculiar stars, from those of the HgMn type (among the late B-type stars, see, e.g., Monier et al. [39] ), to those of the SrCrEu type (among the mid A-type stars, see, e.g., Guthrie [40] , Cowley [41] , and
Kochukov et al. [42] ). The problem is that such stars also show underabundance of carbon, contrary to both dwarf and giant Ba stars, and their abundance anomalies are thought to be due to radiative diffusion rather than mass-transfer in a binary system (see refs. [43] and [44] ). Especially telling is the case of the magnetic Ap star HR 3831, where the Ba overabundance may reach a factor as large as 10 5 in some places of the stellar surface, according to abundance Doppler imaging [42] : such high overabundances cannot be explained by the mass-transfer scenario invoked for Ba stars. Furthermore, the high efficiency of radiative diffusion in slowly rotating intermediate-mass stars suggests that any abundance anomaly due to mass-transfer in a binary system will be quickly superseded and erased by the radiative diffusion mechanism, making the identification of such systems all the more problematic. Interestingly, the possible link between Am stars and barium stars had already been proposed by Hakkila [45] , though his discussion about how to reconcile the discrepant period distributions remains unconvincing. [47] ) and indeed has abundances typical of Am stars. Its orbit has a long period (50.13 yr) and a rather large eccentricity (0.591), but such figures are still within the orbital parameters 6 covered by Ba stars (see Fig. 1 ). For instance, HD 119185 [2] has P orb = 60 yr and e = 0.6. It is highly probable that radiative diffusion has been and is still being at work in Sirius A, but precisely because of this, it remains impossible to know how much processed material it has accreted from its former AGB companion.
Sirius A has a mass M = 2.06 M , so it is perfectly representative of those stars that are massive enough to have almost no convective zone, thus permitting radiative diffusion to take place. On the other hand, the WD has a mass M = 1.02 M , corresponding to an initial stellar mass M ∼ 5 M according to the semi-empirical initial-final mass relation of Cummings et al. [48] . Such high-mass AGB stars with solar metallicity are unable to yield substantial quantities of s-process elements [49] , suggesting that radiative dif- [32] , while the MCMC algorithm is described in Daz et al. [33] , [34] . The orbital parameters and their errors were obtained using the DACE code. PN also thanks Dr. Damien Segransan for his help in 
